ery industry (28) . If spread in this manner, it could threaten the vast oak forests present in many Eastern states (27, 30) . P. ramorum has been shown in laboratory studies to have the ability to grow and sporulate over a wide range of temperatures (7, 31) , indicating that it may have a high potential for establishment in new regions characterized by more extreme environmental conditions than are present in areas where it is now established.
In March 2004, P. ramorum was identified on camellias at a large commercial nursery in California that had shipped potentially infected plants to garden centers in 39 states (28) . Surveys have not yet detected P. ramorum in Eastern forests (22) . In the United Kingdom and The Netherlands, trees infected with P. ramorum have been in close association with infected rhododendrons, providing some evidence that this mode of transmission is possible (1, 15) . Some of the affected tree species are important Eastern U.S. natives, southern red oak (Q. falcata Michx.) in the United Kingdom (1), and northern red oak in The Netherlands (J. Jones, personal communication) . The latter species is now on the APHIS list of plants associated with P. ramorum.
Until 2003, only oak in the red oak group (section Lobatae) were found infected by P. ramorum in the wild (19, 24) . Rizzo et al. (25) performed artificial inoculation of selected oak species to determine their reaction to P. ramorum. Two important Eastern oak species, northern red oak (Q. rubra L.) and pin oak (Q. palustris Muenchh.), were found to be susceptible to artificial stem inoculation (25) . Hansen et al. (9) used various artificial inoculation methods to assess reactions of 42 native Oregon tree and shrub species and 3 species not native to Oregon, including American chestnut (Castanea dentata (Marsh.) Borkh.), northern red oak, and pin oak.
In 2003, holm oak (Q. ilex L.), in the white oak group (section Quercus), was found naturally infected with P. ramorum in Cornwall, United Kingdom (15) . Reactions of European oak to P. ramorum have been assessed by inoculation of logs (2), whereas a detached leaf assay was used by Denman et al. (6) to assess reactions of 11 conifers and 23 broad-leaved tree species important in the United Kingdom.
Studies of reactions to P. ramorum by important Eastern oak species in both the red and white groups are needed to assess the likelihood that Eastern forest species may become infected by P. ramorum, serve as inoculum reservoirs for the pathogen, and potentially spread the disease further in Eastern forest ecosystems. Knowledge of the relative susceptibility to P. ramorum of various oak species could refine forest surveys by focusing effort on species known to be most susceptible when artificially inoculated. Such work also would provide knowledge about the rate at which disease potentially could increase on specific native oak trees and spread in forest ecosystems. Such studies cannot be performed at most research institutions, or under natural conditions in the Eastern United States due to quarantine restrictions, which prevent importation and experimentation with P. ramorum in noninfested areas. We used specialized containment greenhouse facilities at Ft. Detrick, MD to assess the disease reactions of 11 important Eastern forest species to P. ramorum, including assessments of the foliar susceptibility of eight oak species.
MATERIALS AND METHODS
Bare root oak seedlings, 2 to 3 years old, were obtained and grown in 1-and 2-gallon (3.78-and 7.56-liter) nursery pots in Fafard 52 planting mix (Conrad Fafard, Inc., Agawam, MA), a mixture of processed pine bark (55%), sphagnum peat moss (30%), perlite (10%), and vermiculite (5%). Trees initially were maintained in a conventional greenhouse and moved to a Biosafety Level 3 containment facility at We tested some common Eastern forest species for their reaction to stem and leaf inoculation with Phytophthora ramorum, the pathogen that causes sudden oak death. Stem lesions were produced on inoculated seedlings of 12 Eastern forest species following 72 to 76 days of incubation in a containment greenhouse cubicle at 20ºC. Chestnut oak (Quercus prinus) and white oak (Q. alba) were followed by northern red oak (Q. rubra) in susceptibility to stem inoculation. Sugar maple (Acer saccharum) and black walnut (Juglans nigra) were more resistant to stem inoculation than most of the oak species tested. P. ramorum was isolated on selective medium at distances of up to 8 mm from stem lesion margins. Foliar lesions were observed within 7 days when seedlings were inoculated with 5,000 sporangia/ml followed by incubation at 20ºC in a dew chamber. Chestnut oak was followed by tanoak (Lithocarpus densiflorus) and coast live oak (Q. agrifolia) in susceptibility to P. ramorum by foliar inoculation. Chestnut oak, an ecologically important species in parts of the Eastern United States, emerged as the most susceptible host tested in both stem and foliar inoculations. The results indicate that, under controlled conditions, P. ramorum is able to infect some important Eastern forest species and cause lesions on stems and foliage. It remains to be determined whether infection of these species by P. ramorum would occur under natural conditions. Ft. Detrick, MD, where they were placed in a temperature-controlled greenhouse cubicle at 20ºC.
Stem inoculations. Selected oak species included seedlings of coast live oak (Q. agrifolia), northern red oak (Q. rubra), white oak (Q. alba), cherrybark oak (Q. pagoda Raf.), chestnut oak (Q. prinus), laurel oak (Q. laurifolia Michx.), live oak (Q. virginiana P. Mill.), water oak (Q. nigra L.), and willow oak (Q. phellos L.).
Coast live oak, northern red oak, laurel oak, water oak, and willow oak are members of section Lobatae, the red oak group, whereas white oak, chestnut oak, and live oak are in section Quercus, the white oak group (18, 21) . Two additional Eastern forest species, sugar maple (Acer saccharum) and black walnut (Juglans nigra), also were included in these studies. Tanoak was not included in stem inoculations because the stem diameters were too small.
Seedlings were inoculated with P. ramorum isolate Pr-6 (12,24,25) isolated from coast live oak in California. With a scalpel, a 6-mm-diameter plug from a 3-to 4-week-old P. ramorum colony growing on 20% V8 juice agar in darkness at 20ºC was placed in a wound cut, approximately 4 mm deep, into the stem approximately 5 cm above the soil line. Inoculation wounds were covered with Parafilm to prevent desiccation. Control seedlings received a 6-mm plug of V8 juice agar only. Seedlings then were incubated in a containment greenhouse cubicle at 20ºC for 72 to 76 days, after which results were assessed. Due to restrictions on the size of the greenhouse cubicles, tree species were tested in groups, 25 seedlings per species, with coast live oak included in each experiment as a known susceptible standard. Experiments 1 and 2 included white, red, chestnut, and cherrybark oak plus coast live oak susceptible standards, and were run for 72 and 75 days, respectively. Experiments 3 and 4 included live and laurel oak and coast live oak standards and were run for 76 and 75 days, respectively. Experiments 5 and 6 included water oak, willow oak, sugar maple, black walnut, and coast live oak standards and both were run for 73 days.
Upon completion of the experiments, stem sections containing P. ramorum lesions were excised and the outer 1 mm containing the bark was removed using a scalpel. Lesion areas were recorded by tracing the lesion margins with black marker onto 4-cm 2 of cheesecloth wrapped around each seedling's stem. The lesion margins were easily visible through the holes in the cheesecloth. The cheesecloth squares then were removed and flattened on a piece of plain white paper. Lesion margin impressions were transferred through the cheesecloth onto the paper using a black marker, which produced a series of dots on the paper. The cheesecloth then was removed and the marks on the paper connected, providing an outline of the lesion margin. Lesion areas were measured from these transferred images using ASSESS image analysis software (16) . Because stem diameters varied for different tree species (from a mean of 5.76 mm in diameter for inoculated seedlings of coast live oak up to 10.76 mm in diameter for laurel oak), lesion area measurements also were adjusted by dividing lesion areas by the stem diameter on a per plant basis.
In two experiments, five tissue pieces (approximately 1 mm 2 ) were excised with a sterile scalpel from the lesion margins and at distances of 2, 4, 6, and 8 mm from the lesion margins for 10 randomly selected seedlings each of chestnut oak, northern red oak, white oak, cherrybark oak, and coast live oak. Thus, each sampling produced 1,250 tissue pieces (5 excisions × 5 distances × 10 seedlings × 5 oak species), which were plated onto PARP selective medium (13) and incubated at 20ºC in darkness for 7 days. The percentage of the plated tissue pieces from which P. ramorum was isolated was recorded in each experiment. An additional measure of P. ramorum recovery was the percentage of stems, out of the total of 50 assayed (10 seedlings × 5 oak species) per experiment, from which P. ramorum grew from one or more tissue pieces at each distance from the lesion margins. Data were analyzed using the SAS statistical package (26) .
Foliar inoculations. Seedlings of coast live oak, northern red oak, white oak, cherrybark oak, chestnut oak, live oak, laurel oak, and tanoak were inoculated by placing branches containing at least 15 leaves each into a plastic bag containing approximately 100 ml of a suspension of P. ramorum isolate Pr-6 at 5,000 sporangia/ml and shaking. Sugar maple and black walnut were not included in foliar inoculations due to the large size of the trees relative to the dew chamber size. Seedlings then were placed in a dew chamber at 20ºC in darkness for 7 days. The amount of infected leaf tissue was determined by detaching 15 randomly selected inoculated leaves, scanning them on a flatbed scanner, and measuring leaf and lesion areas with ASSESS image analysis software (16) . Two 15-leaf replicates were performed with each oak species tested, and coast live oak replicates were included with each set of inoculated plants. Data were analyzed using the SAS statistical package (26) .
RESULTS
Lesion areas of stem-inoculated seedlings ranged from 0.68 to 3.20 cm 2 (Table  1) . No trees were girdled or killed. The two species with the largest stem lesion areas were chestnut oak and white oak, followed by northern red oak (Table 1) . Following adjustment for stem diameter, species rankings remained relatively consistent, with chestnut oak and white oak still having the largest lesions. The species with smallest lesions following adjustment for stem diameter were sugar maple, black walnut, and live oak. Prior to adjustment, coast live oak appeared to have the smallest lesions. After adjustment, however, it ranked in the middle of the range of lesion sizes (Table 1) .
P. ramorum was reisolated successfully from all species tested and never isolated from seedlings inoculated with V8-juice agar alone. P. ramorum was recovered most frequently at lesion margins and at a distance of 2 mm from lesion margins ( Table 2) . At 4, 6, and 8 mm from lesion margins, recovery percentages were significantly reduced from those observed at 2 mm (Table 2) . No significant differences among species were noted in recovery of P. ramorum. w Seedlings were inoculated by placing an agar plug containing mycelium in a wound in the stem, wrapping the site with Parafilm to prevent desiccation, and incubating in a greenhouse cubicle at 20ºC for 72 to 76 days. Means within a column followed by the same letter do not differ significantly by the Waller-Duncan K-ratio t test (k ratio = 100). x Two sets of 25 seedlings were inoculated for each species tested, except for coast live oak, which was included as a known susceptible standard; in total, 150 coast live oak seedlings were inoculated (25 per experiment in each of six experiments). y Adjusted by dividing lesion area by stem diameter for each inoculated seedling. z Seedlings in each experiment that were inoculated with plugs of V8 juice agar with no P. ramorum present.
Following foliar inoculation, percent disease ranged from 0.5% for white oak to 17% for chestnut oak. As observed for stem inoculation, chestnut oak showed the highest level of foliar infection caused by P. ramorum (Table 3) . Tanoak, generally considered the most susceptible host under natural conditions in California, sustained the second highest percent foliar infection (13.2%) after chestnut oak. Six of the seven Quercus spp. included in foliar inoculations showed low levels of foliar infection and did not differ significantly from one another (Table 3) . P. ramorum was reisolated successfully from foliar lesions originating from all eight species tested in foliar inoculations.
DISCUSSION
Our results indicate that some Eastern forest species can sustain both foliar and stem infection and lesion development by P. ramorum following artificial inoculation. Our results provide the first indication of moderate to high susceptibility of white oak group species in the United States. In our experiments, two members of the white oak group, white oak and chestnut oak, showed the largest stem lesion areas compared with the other species tested, although a third, live oak, proved to be among the more resistant species tested.
Until 2003, no oak species outside the red oak group had been found naturally infected in the wild in either the United States or the United Kingdom (15, 19, 24) . In 2003, holm oak was found to be infected in Britain (15) (20) . Even in previous artificial inoculations, white oak group members tested were more resistant than red oak group members (9,25). Rizzo et al. (25) found that valley oak (Q. lobata Neé) and blue oak (Q. douglasii Hook & Arn.) tested by stem inoculation were more resistant to P. ramorum than members of the red oak group. Hansen et al. (9) reported that lesions averaging 3 cm in length formed on northern red oak (Q. rubra) following 3 weeks of incubation, whereas Oregon white oak (Q. garryana Dougl. ex Hook.) showed a mean stem lesion length of only 0.8 cm and appeared to have relatively resistant foliage. Our results from greenhouse inoculation of members of both red and white groups following over 70 days of incubation indicate that infection may occur under greenhouse conditions within members of both groups of oak species.
Stem diameter adjustment changed coast live oak from the most resistant species to one with an intermediate ranking for susceptibility to P. ramorum by stem inoculation. Young coast live oak seedlings have comparatively narrow stems; therefore, unadjusted estimates of lesion area will tend to be small compared with those observed on species with much larger stem diameter. After adjustment, there were five species with stem lesion areas significantly greater than those observed on coast live oak. Coast live oak is one of the primary hosts of P. ramorum in California, indicating that at least some Eastern oak species could sustain levels of infection equal to or greater than that observed on coast live oak if P. ramorum became established in the Eastern United States.
P. ramorum was recovered from lesion margins and from woody tissue up to 8 mm outside lesion margins. This indicates that the pathogen can survive in oak host tissue for several months, both near and at some distance from actual lesions. Hüberli et al. (11) also reported high P. ramorum recovery rates near the lesions of coast live oak, and approximately 30% recovery at 0.5 cm distance from lesion margins.
Chestnut oak was also the most susceptible species by foliar inoculation. This species is a dominant tree in the Piedmont and Mountain regions of North Carolina, and its acorns are an important food source for wildlife. The area it covers is in the high-risk category for sudden oak death establishment (27, 30) . Thus, Eastern U.S. forest surveys might make this a priority species to examine for early evidence of P. ramorum infection and establishment in new areas. In North Carolina forest ecosystems, there also are frequent associations of chestnut oak with other species found to have high susceptibility to P. ramorum, such as Kalmia latifolia L. (mountain laurel) and various Rhododendron spp. (29), and such areas could serve as infection foci should the disease become established in the region.
The role of foliar infection of oak trees in the epidemiology of sudden oak death is unknown. Foliar lesions are not commonly reported in descriptions of the disease occurring on oak (4, 24) . However, foliar infection of sweet chestnut (C. sativa P. Mill.) on epicormic shoots and young leaves was reported by Denman et al. (5) in the United Kingdom and laboratory experiments showed that the pathogen is able to sporulate on leaves. The role of foliar lesions on oak in producing inoculum that may spread the disease to new areas or infect adjoining trees is unknown and should be explored further.
In summary, we found that P. ramorum, under containment greenhouse conditions, was able to cause lesions in stems of seedlings of 10 different Eastern forest species and on foliage of 6 oak species important in the Eastern United States. Extrapolation of results from seedlings of these species to potential reactions of adult trees must be done with care. Tests of reactions on adult plants and using additional isolates, as well as additional research on the epidemiology of the disease, are needed to assess the true (13) . Results are means of 50 sampled stems (10 stems × 5 oak species) from each of two experiments. No significant differences in recovery were noted between different oak species; therefore, results were combined over species. Means followed by the same letter do not differ significantly by the Waller-Duncan k-ratio t test (k ratio = 100). x Distance from lesion margin (mm). y Percent tissue pieces with P. ramorum. Five tissue pieces were removed and plated on PARP medium at each distance from the lesion margin. z Percentage of stems with P. ramorum out of the total of 100 assayed (two experiments, 50 stems each), from which P. ramorum grew from one or more tissue pieces at each distance from the lesion margins. Number of infected leaves out of 30 inoculated leaves (15 leaves × 2 experiments) for which lesion area was determined using ASSESS image analysis software. Seedlings were dipped in suspensions containing P. ramorum isolate Pr-6 at 5,000 sporangia/ml, then incubated in a dew chamber at 20ºC in darkness for 7 days. Coast live oak was included as a known susceptible standard with each group of inoculated plants; hence, there were 40 total leaves inoculated instead of 30 as for other species. z Percent disease refers to lesion area as a percentage of total leaf area and only infected leaves were included in the analyses. Means followed by the same letter do not differ significantly by the WallerDuncan k-ratio t test (k ratio = 100).
likelihood that P. ramorum will infect Eastern forest species under natural conditions.
